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HEAT OF COMBUSTION OF BENZOIC ACID, WITH SPECIAL 
REFERENCE TO THE STANDARDIZATION OF BOMB 


CALORIMETERS 
By Ralph S. Jessup 


ABSTRACT 


New measurements yielded the value 26428.442.6 International joules per 
gram mass for the heat of combustion, Qg, of benzoic acid at 25° C under the 
conditions of the standard bomb process. The difference, 0.036 percent, between 

ie above value and that reported in 1934 is due to five factors: (1) An error in 
the previous value, resulting from the effect of dissolved carbon dioxide on the 
letermination of the nitrie acid formed in the bomb, (2) a change in the value 
ised for the energy of formation of nitric acid in the bomb, (8) taking account in 

he present work (in the calculation of the value of Qg at 25° from the observed 

ie at 30°) of the temperature dependence of the Washburn reduction, (4) a 

‘hange in the value used for the temperature coefficient of the heat of combustion, 
arising from the use of a new value tor the specific heat of benzoic acid, and (5) 
a small difference in the results of the calorimetric measurements. The 1934 
results, When corrected for the first four of the above effects, are in agreement 

within 0.01 percent with the results of the present measurements. The procedure 

for correcting the results of calibration experiments originally calculated on the 
basis of the 1934 value of Qz is described. 

With one exception, values of Qxg at 25° C calculated from the results of previous 
measurements are in satisfactory agreement with the value given above. 

When the amount of benzoic acid burned in each experiment was calculated 
from the mass of carbon dioxide formed, the present measurements yield the 
value 3226.39+0.32 International kilojoules per mole for —AH°24, the de- 
crease in heat content for the combustion reaction at 25° C when each of the gases 
involved in the reaction is in the thermodynamic state of the unit fugacity and 


the water formed in combustion is in the liquid state. 


CONTENTS 


. Introduction 
. Apparatus and method_ -__--_. 
. Calibration of the calorimeter--_- 
’. Combustion experiments--_- --- -- - 
l.. Material..c....:... 
2. Ignition energy 
3. Correction for heat of formation of nitric acid 
4. Calculation of results 
o 
’. Correction of 1934 results 
Procedure for correcting results reported on the basis of the 1934 value 
2 


of 


‘. Summary 
. References 





248 Journal of Research of the National Bureau of Standards 


I. INTRODUCTION 


Benzoic acid has been used many years as a standard substance fo; 
calibrating bomb calorimeters, and has been selected as the primary 
standard substance for this purpose by the Standing Committee fo; 
Thermochemistry of the International Union of Chemistry [1].! Such 
use of benzoic acid requires an accurate value, in terms of some gep. 
erally acceptable energy unit, for its heat of combustion under the 
conditions of the bomb process. 

The results of heat of combustion measurements made at this 
Bureau on various lots of benzoic acid used as Standard Sample 
material have been reported previously [2, 3]. Because impurities 
might affect the heat of combustion of different lots of benzoic acid 
by significantly different amounts, it has been the practice at this 
Bureau to determine the heat of combustion of each lot of Standard 
Sample material. 

The present paper gives the results of measurements of the heat of 
combustion of two lots of benzoic acid, designated as Standard Sam- 
ples 39e and 39f, and of two samples of benzoic acid of a very high 
degree of purity that were prepared by Schwab and Wichers [4] of 
this Bureau. 

These measurements were made primarily for the purpose of pro- 
viding data for use in connection with the standardization of bomb 
calorimeters. For this purpose the quantity of interest is the heat of 
combustion per gram of sample under the conditions of the bomb 
process. However, since material of exceptionally high purity was 
available for this work, it seemed worth while to obtain also data on 
the heat of combustion per mole of benzoic acid. The values reported 


for the heat of combustion per mole apply for conditions other than 
those of the bomb process, and these values are not suitable for use in 
connection with the standardization of bomb calorimeters. 


II. APPARATUS AND METHOD 


The essential features of the apparatus and methods used in the 
present work have been described in detail [2, 3] previously, and only 
a brief description of them will be given here. The calorimeter sys- 
tem consists of a nickel-plated copper vessel, of about 3.5 liters capac- 
ity, containing a weighed amount of water, provided with a closely- 
fitting cover and an arrangement for stirring the water; an electric 
heater; a bomb of 377 ml capacity, made of a corrosion-resistant alloy 
(illium); and a platinum resistance thermometer. The calorimeter is 
completely inclosed by a jacket which can be maintained at a constant 
temperature by means of a thermostat, and which is separated from 
the calorimeter by a 1-cm air space. 

The method consists in making two types of experiments with the 
calorimeter. In one of these a measured quantity of energy is sup- 
plied to the system electrically, and the resulting temperature rise 
of the calorimeter is observed. In the other type of experiment 4 
weighed sample of a combustible material is burned in the bomb, and 
the resulting temperature rise is observed. The first type of exper- 
ment yields the energy equivalent (effective heat capacity) of the 
calorimeter system, and when the energy equivalent is known the 


1 Numbers in brackets indicate the literature references at the end of this paper. 
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temperature rise of the calorimeter in the second type of experiment 
is a measure Of the heat produced by the combustion. In both types 
of experiments the bomb contained 1 ml of water, and oxygen under 
a pressure of approximately 30 atmospheres. The procedure in both 
types of experiments was such that the final temperature of the calori- 
meter was very nearly the same as the constant temperature of the 
jacket. : ’ 

The apparatus and methods used in the present work differ from 
those described in the report of measurements made at this bureau in 
1934 [3] principally in the following respects: 

|. The power measurements in the determination of the energy 
equivalent of the calorimetric system were referred to a saturated 
cadmium standard cell, which was maintained at a constant tempera- 
ture by means of a temperature-control box [5]. The cell was cali- 
brated before each series of energy-equivalent determinations, and its 
electromotive force remained constant to 2 microvolts over a period of 
§ months. Unsaturated standard cells of the type used in the 1934 
measurements have a very low temperature coefficient, but have been 
found to exhibit hysteresis effects [6] when exposed to varying tem- 
perature. Errors from this source could be avoided by keeping the 
cells at a constant temperature, but with the temperature kept 
constant the saturated cells have been found to be more satisfactory. 

2. The Wolff-Diesselhorst potentiometer used for the measure- 
ments of power was calibrated in place. The potentiometer ratio 
(ratio of reading to electromotive force) was measured before each 
energy-equivalent determination, using two recently calibrated 
standard resistors [7]. 

3. The platinum resistance thermometer used to measure the 
temperature change of the calorimeter was of the same type as that 
used in the 1934 measurements [3], but it did not exhibit the erratic 
behavior of the latter. 

4. The Wheatstone bridge used in connection with the platinum 
resistance thermometer was designed especially for bomb-calorimetric 
measurements [8]. 

5. The “constant range’? method [9, 31] was used, that is, all cali- 
bration and combustion experiments were made over very nearly the 
same range of temperature. This procedure largely eliminates the 
effect of constant errors in calibration of the Wheatstone bridge and 
of peculiarities in the temperature scale defined by the thermometer. 

6. In some of the measurements the amount of carbon dioxide 
formed in combustion was determined in the manner described in 
1938 (10). 


III. CALIBRATION OF THE CALORIMETER 


The energy equivalent of the calorimeter was measured in the man- 
ner described in the 1934 report [3], except for the changes in apparatus 
and procedure mentioned in section II of this paper. The values ob- 
tained for the energy equivalent of the calorimetric system were all 
reduced to correspond to an absolute pressure of 30 atmospheres at 
380° C. All the calibration experiments were made over very nearly 
the same temperature range, the temperature rise being about 3 
degrees and the final temperature 30° C in all cases. 

The results of the first series of calibration experiments are given 
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in table 1. This series consisted of two groups of experiments, ono 
made with 31 volts across the heater in the calorimeter and a time of 
heating of 7 minutes, the other with 47.5 volts and a time of heating 
of 3 minutes. 


TABLE 1.—Resulis of first series of electrical calibration experiments 








Approxi- 
mate elec- 
— , tromotive Energy | Deviation 
Experiment number force equivalent | from meay 
across 
heater 





Volts Int.ji°C 
31 13733, 9 


S >; =F >; 
DBAONNWOWK AIA 














20..._- 














Mean for group---- 





Weighted mean e 13733. 6 








® The standard deviation of the mean. 


Table 1 shows that the mean values of energy equivalent from the 
two groups of calibration experiments are in agreement within about 
0.003 percent. The results of measurements on Standard Samples 
39e and 39f given in table 4 were calculated on the basis of the weighted 
mean value given in table 1 for the energy equivalent of the calorimeter. 

The results of a second series of calibration experiments, made after 
some necessary repairs to the calorimeter, are given in table 2. All 
experiments in this group were made with an electromotive force of 
about 31 volts across the heater in the calorimeter, and with a heating 
period of 7 minutes. The results of measurements on Standard 
Samples 39e and 39f given in table 5, and the results of measurements 
on purified benzoic acid given in table 8 were calculated on the basis 
of the mean value given in table 2 for the energy equivalent of the 
calorimeter. 
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TABLE 2.—Results of second series of electrical calibration experiments 








| 


~ . . ~ . | ~ | . . 
Date Energy Deviation Experiment | Date Energy | Deviation 





| 

1941 equivalent | from mean | number 1941 equivalent ioe mean 
| 
| 


Int. j/¢ C Int. j°/ C Int. j/° C 
13732. 0 ; . 3 —.l1 
32.6 A Se ee ee ee 25 32. x | 
31.2 ' = : —-.9 
30.8 ; ; 3 +. 6 
33.6 , 
32.3 : Mean..-......- 
32.7 ; 





























The standard deviation of the mean. 


IV. COMBUSTION EXPERIMENTS 
1. MATERIAL 


From the freezing behavior of Standard Samples 39e and 39f, 
Schwab and Wichers [4] have estimated the purity of these lots of 
benzoic acid to be 99.983 and 99.977 mole percent, respectively. 
From specific-heat measurements on the solid at temperatures near 
the melting point, the purity of Sample 39e was estimated to be 
99.990 mole percent [4, 12]. 

The two samples of purified benzoic acid were prepared by Schwab 
and Wichers from Standard Sample 39e, one by eight fractional 
crystallizations from aqueous solution, the other by eight fractional 
crystallizations from benzene solution. The purity of the first of the 
purified samples was estimated from freezing behavior to be 99.995 
mole percent, whereas that of the second sample was estimated from 
both freezing behavior and specific-heat measurements to be 99.999 
mole percent [4, 12]. 

As noted by Schwab and Wichers [4], the estimates of purity from 
specific-heat measurements were made on samples that had been dried 
by passing dry air through liquid benzoic acid at a temperature a few 
degrees above the melting point. It was later found that this treat- 
ment results in the very slow formation of benzoic anhydride. It is 
possible, therefore, that these samples may have contained slightly 
larger amounts of impurity than the corresponding samples for which 
the estimates of purity were made on the basis of freezing behavior. 
On the other hand, the drying treatment may have removed some 
excess water from Standard Sample 39e, so that for this Sample the net 
effect of the drying treatment may have been either an increase or a 
decrease in purity. In view of the facts that the rate of formation of 
benzoic anhydride under the conditions of the drying treatment is 
extremely small, and that only a very small amount of water was 
found in the Standard Sample material in the special tests described 
later in this paper, it is not believed that the formation of anhydride 
or the removal of water caused any significant change in purity of 
the Samples. 

It should be emphasized that both of the tests of purity mentioned 
above are sensitive only to impurities that are soluble in the liquid and 
insoluble in the solid benzoic acid. The Standard Sample material is 
known to contain some insoluble material, but the amount of this is so 
small as to be practically negligible. 

Combustible impurities were removed from the oxygen used by 
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passing the gas through a tube filled with copper oxide maintained at 
temperature of about 750°C. 


2. IGNITION ENERGY 


The samples of benzoic acid were ignited by passing electric curren 
from a small transformer through a helix made from a 2-cm length of 
No. 36 AWG iron wire (about 0.13 mm in diameter). The procedure 
was the same as in the measurements reported in 1934 [3], except that 
the secondary voltage of the transformer in the present measurements 
was 9 instead of 14 as in the previous work. The energy, q;, used to 
ignite the charge (q;=electric energy plus heat of combustion of iron 
wire) was determined calorimetrically in a number of blank experiments 
in which only the iron wire was burned. The results of these measure- 
ments are given in table 3. The standard deviation of the mean of th 
results and the maximum deviation from the mean correspond to 0.00] 
and 0.005 percent, respectively, of the heat of combustion of a 1.5-g 
sample of benzoic acid. 


TABLE 3.-—Energy used to ignite the charqe 
g! g q 


Experiment Deviation 
' qi . 
number from mean 


ines aranes mma 
Int.j 
ais 
+2. 0) 


+0). 7 
+().4 
—1.3 
0.4 
+1. 1 
-1.1 


a+i() ‘5 


* Standard deviation of the mean. 


In another method of ignition, which has been described by Huffman 
and Ellis [13], an electrically heated platinum wire ignites a small 

iece of filter paper, which in turn ignites the charge. In some pre- 
Savaiew experiments of the present work the method of Huffman 
and Ellis was compared with the iron-wire method of ignition by using 
the two methods alternately in a series of calorimetric experiments 
in which Standard Sample benzoic acid was burned in the bomb. 
These experiments yielded the following values for the energy equiva- 
lent of the calorimeter, which differed in some respects from the 
calorimeter used in the other ine snore ‘Gencaten in this paper: 





|Number of] Mean v alue |: Standard 





Method of tine 
ignition experi- | ofenergy | deviation of 


ments equivalent the mean 





Int.j/°C | Int. j/°C 
j 


Iron wire 
Platinum wire and fil- 


} 
13733.6 | £0.65 | 
ter paper 


: 
| 
a 


¥ 
| 13732. 4 | +0. 75 





These results indicate that the precision of the two methods is about 
the same. The difference between the two mean values of energy 
equivalent is no larger than might be expected if the procedure in the 
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two sets of measurements had been identical in all respects, and is 
in the direction opposite to that of the difference which might be 
expected to result from action of nitric acid on the products of com- 
bustion of the iron wire. The iron-wire technique is somewhat more 
convenient than the platinum-wire-filter-paper technique, and has 
the further advantage that it does not complicate the determination 
of the amount of carbon dioxide formed in the combustion of the 


charge. 
3. CORRECTION FOR HEAT OF FORMATION OF NITRIC ACID 


The amount of nitric acid formed in the bomb in each combustion 
experiment was determined by titrating the bomb washings against 
an 0.1 N solution of potassium hydroxide, using phenolphthalein 2 
as an indicator. The correction, duno, for the energy of formation 
of nitric acid in the bomb was calculated, using for the energy de- 
crease, —AUyno,, for the reaction 1/2 N2 (g)+5/4 O2 (g)+1/2 H,0 
liq) = HNO, (aq) at 30° C the rounded value 60 kj/mole of nitric acid. 
This value is very near the mean of the value derived from the results 
of Becker and Roth [14], and that derived from data given by 
Bichowsky and Rossini [15]. The correction for the heat of forma- 
tion of nitric acid rarely exceeded 0.02 percent of the heat produced 
in the bomb, and was usually less than this. 


4. CALCULATION OF RESULTS 


The corrected temperature rise, At, of the calorimeter for each 
calibration experiment and each combustion experiment was com- 
puted on the basis of Newton’s law of cooling from data obtained in 


two “rating periods”, using Dickinson’s method [2] of calculation, 
It has been shown that the effect of the lag of the bomb and other parts 
of the calorimetric system is almost completely eliminated by this 
procedure [16, 17, 25]. 

The quantity of heat produced in each combustion experiment was 
computed by multiplying the corrected temperature rise, At, by the 
energy equivalent of the system, represented by C=(C)+- 1.21 m,+-0.32 
P—30), where C, is the energy equivalent, determined by the cali- 
bration experiments, of the calorimetric system, including the bomb 
containing 1 g of water, and oxygen under an absolute pressure of 
30 atm; m, is the mass of the sample of benzoie acid; P is the initial 
oxygen pressure, in atmospheres, at 30° C. The factor 1.21 is the 
value recently obtained at this Bureau [12] for the specific heat of 
benzoic acid at 28.5° C (at constant pressure); and the factor 0.32 
was calculated from the specific heat of oxygen at constant volume 
[18], the volume of the bomb, and the density of oxygen. 

The value for the heat of combustion per gram of sample under the 
conditions of the actual bomb process was calculated for each experi- 
ment by means of the relation 


— THNO3 


———— 
?Phenolphthalein is sensitive to dissolved carbon dioxide, and its use resulted in high values for nitric 
acid unless precautions were taken to remove dissolved carbon dioxide from the bomb washings before 
Uitrating. It is shown later in this paper that under the conditions of the present measurements the effect 
{ dissolved carbon dioxide amounted to about 0.017 percent of the heat of combustion. The use of an 
udicator that is practically insensitive to carbon dioxide, such as methyl orange, would have been better 
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The corresponding value for the heat of combustion per mole of 
benzoic acid was calculated from 
CAt—q:—quno, 
N/7 

where N is the number of moles of carbon dioxide formed in the 
combustion, the molecular weight of carbon dioxide being taken as 
44.010. Since the value of C used in the above equations is the 
energy equivalent of the calorimetric system, including the oxygen 
and charge of benzoic acid rather than the products of combustion, the 
values of gp and —AUs are referred to the final temperature of the 
calorimeter, which was 30° C in all experiments. 

With the aid of an equation similar to Washburn’s [19] eq 81 (which 
applies at 20° C), but calculated by the writer for 30° C, there was 
computed from each value of gs the corresponding value of Qs, which 
is the heat of combustion (at 30° C) per gram of sample for the 
standard bomb process defined by the following initial conditions 


—AU;=— 





ms/V =3.0 g/liter 
My/V=3.0 g/liter 
P=30 atm at 30° C, 


where V is the volume of the bomb, and my is the mass of water placed 
in the bomb before the experiment. The other symbols have been 
defined previously. 

The values of —AUsper mole of benzoic acid were reduced, with the 
aid of the modified Washburn equation, to the corresponding values of 
—AUrz, which is the energy decrease for the reaction 


C,H,COOH (c) +7 402(g) =7CO,(g) +3H:O(liq.)-----., (1 


where each of the reactants and products is under a pressure of 1 atm. 
at 30° C2 
5. RESULTS 


In table 4 are given the results of the first series of measurements on 
Standard Samples 39e and 39f. The mean values of Qs at 30° C 
given in this table are in good agreement with the corresponding mean 
values, 26415.3 and 26413.1 International joules per gram (mass), 
which were obtained for Samples 39d and 39e, respectively, in 19343}. 
In table 5 are given the results of the second series of measurements on 
Samples 39e and 39f. The measurements of the first and second 
series were made under the same conditions, except that in the second 
series the mass of carbon dioxide * formed in each experiment was 
determined by absorption in Ascarite in the manner described in 
1938[10]. 

It will be seen from tables 4 and 5 that the values of Qs, at 30° C 
from the second series of measurements on both Samples are system- 
atically higher by about 0.03 percent than those from the first 
series. It will also be seen that the correction for the heat of forma- 
tion of nitric acid is systematically lower in the second series than in 

. . AUs—AUR wae 
3 Washburn’s eq 81 gives the value of 100 “~——o.* that is, the percentage difference between 
—AUs and —AUr. The percentage difference between the quantities gg and a2 Is the difference between 
Ta—ASUe 
the values of 100 a for the actual and standard bomb processes. 


4 The results of the measurements of the mass of carbon dioxide formed in experiments 17 to 25, inclusive, 
were discarded because of a leak in the apparatus which was discovered after experiment 25. 
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the first. The fact that the carbon dioxide was completely removed 
from the bomb before the nitric acid determinations in the second 
copies of measurements, but not in the first, suggests that the nitric 
eid determinations of the first series may have been in error because 
of the sensitivity of the indicator, phenolphthalein, to carbon dioxide 
dissolved in the washings from the bomb. 

In table 6 are given the values of the correction for nitric acid per 
vram of benzoic acid in the first and second series of measurements on 
sample 39f.5 The difference in the mean values of the correction 
for the two series is 4.5 j/g of benzoic acid (standard deviation 
+().4 j/g). If it is assumed that the difference is the result of dis- 
solved carbon dioxide in the washings from the bomb in the first 
series of measurements, and the results of this series are corrected 
accordingly, the mean values of Q, for the two series are brought 
into satisfactory agreement. The final values of Q, at 30° C obtained 
in this way for the Standard Samples are given in table 7. 


> 6.—Correction for nitric acid per gram of benzoic acid in the two series of 
measurements on Standard Sample 39f 


First series | Second series 


| 
Deviation 
from mean 


Deviation 


ic eT) 
| Correction from mean 


Experiment number Experiment number | Correction 
: 





Int. j. 
+0. 6 


Int. j Int. j. 
3.9 4 
3.9 | 


4.0 


oo a) 


) 


WWII H- 
mero oe 


a 


| 

| 

| 

& 

| 
Mear m an 

| 


| 
| 


* The standard deviation of the mean. 


TABLE 7.—F inal values of Q» at 30° C for the Standard Samples 


Mean value of 
Op for Stand- 
ard Sample 39e 


Standard devi- 
ation of mean 


Int. j/g 


| Mean value of 
Qs for Stand- 


Int. j/g 


| ard Sample 39f 


Standaré 


devi- 


{ ation of mean 


Int. j/9 | 
26419. 6 | e+] 
26422. 5 | 1. 


26419. 2 
26423. 2 | 


05 
3 





99 7 | 


M . 26420. 7 26422. 7 





i 
| 
| 
| 





* The resulis of the first series have been corrected for the effect of dissolved carbon dioxide in the washings 
from the bomb. The standard deviations for the results of the first series of measurements include the 
standard deviation (+0.4 j/g) of the correction for dissolved carbon dioxide. 


: 
The improved concordance of the results brought about by the 

application of the above correction is consistent with the hypothesis 

regarding the cause of the original differences, but it is not conclusive 

proof of this hypothesis. It was desirable, therefore, to make inde- 

ee 

‘The same oxygen tank was used in both series of measurements on Sample 39f, but different tanks were 


used in the two series of measurements on Sample 39e. The nitric acid determinations for the two series 
of experiments on Sample 39e are therefore not comparable. 
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pendent tests to ascertain the effect of dissolved carbon dioxide on the 
determination of nitric acid formed in the bomb. To this end, , 
measured volume of a dilute solution of nitric acid was placed in th, 
bomb, which was then filled to a pressure of 30 atm with a mixture of 
oxygen and carbon dioxide. The mass and concentration of the nitric 
acid solution placed in the bomb and the composition of the O,-CO, 
mixture were such as to duplicate approximately the conditions jy 
the bomb after combustion of a 1.5-g sample of benzoic acid. After 
an hour or more had been allowed for the establishment of equilibrium, 
the pressure was released, the bomb opened and immediately washed 
out, and the washings were titrated, the procedure being as nearly as 
possible the same as in the first series of measurements on the Stand. 
ard Samples. In other experiments the procedure was the same, ex. 
cept that after opening the bomb, it was flushed out with air and 
allowed to stand for a measured length of time before washing it out 
and titrating the washings. 
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FicurE 1. Results of the tests to ascertain the effect of dissolved carbon dioxide on the 
determination of nitric acid. 





1.5 


The results of these experiments are given by curve A, figure ], 
where the amount of 0.1 N alkali solution required to neutralize the 
washings from the bomb is plotted as ordinate, and the time after 
opening and flushing out the bomb is plotted as abscissa. Curve 3 
shows the results of two similar series of experiments, in which the 
carbon dioxide and nitric acid were formed by combustion of a 1.5-g 
sample of benzoic acid. Both curves are consistent, within the uncer- 
tainty of the measurements, with the conclusions drawn from the 
data of table 6 as to the magnitude of the effect of dissolved carbon 
dioxide. It is believed that this fact justifies the correction of the 
results of the first series of measurements on the basis of the data 
of table 6. 
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A surprising feature of figure 1 is the difference in form of the 
curves A and B, which indicates that the carbon dioxide was removed 
from solution much more slowly in the experiments represented by 
curve B than in those represented by curve A. It would be expected 
that the difference would be in the opposite direction, since in the 
experiments represented by curve A all the nitric acid solution was 
in the bottom of the bomb, whereas in those represented by curve 
P the solution was distributed over the entire inner surface of the 
bomb and therefore had a much larger free surface. No satisfactory 
explanation of this phenomenon has been found. A series of experi- 
ments similar to those represented by curve B, but in which naphtha- 
lene was burned instead of benzoic acid, gave results which were 
represented by a curve more nearly resembling curve A than curve B. 

In addition to the values of Qs per gram of sample, there are given 
in table 5 values of —AUp (at 30° C) per mole of benzoic acid for 
the Standard Sample material. The results for the two Samples 
are in agreement within the uncertainty of the measurements. 

In table 8 are given the results of measurements on the purified 
samples of benzoic acid. These samples were received in sealed glass 
containers, and in opening one of them some particles of glass were 
introduced into the sample. This made impossible an accurate de- 
termination of the mass of the sample burned in each experiment, 
and consequently only the values per mole of benzoic acid are given 
for this sample. In opening the other container great care was taken 
to avoid getting glass into the benzoic acid, and values of both Qz 
per gram of sample and —AU, per mole of benzoic acid are given 
for this sample. 

The mean value of Qz at 30° C given in table 8 for the benzoic acid 
purified by crystallization from benzene is in satisfactory agree- 
ment with the values given in table 7 for the Standard Samples. 
The values given in table 8 for —AU, at 30° C for the purified samples 
of benzoic acid, and the corresponding values given in table 5 for the 
Standard-Sample materials are also in satisfactory agreement. 

In view of the agreement of the results for the purified and Standard 
Sample materials, it may be concluded that the impurities in the 
Standard Sample materials are of such a nature that they have no 
appreciable effect on the heat of combustion. The weighted mean 
values of all results on both Standard-Sample and purified materials 
may therefore be taken as the results of the present measurements for 
pure benzoic acid or for the Standard Sample materials. 

The weighted mean value of Qs was obtained by taking the mean 
of all results on Standard Samples 39e and 39f that were obtained 
on the basis of the first calibration of the calorimeter, and the mean 
of all results on the Standard Samples and the purified materials 
that were obtained on the basis of the second calibration of the calori- 
meter, and weighting these two mean values inversely as the squares 
of their standard deviations. The final value of —AUz is the mean 
of all results on both Standard Sample and purified materials. 

The values obtained in the manner just described are Qp (30° C) = 
2(422.4 Int. j/g (mass) and —AUpR (30° C)=3224.70 Int. kj/mole. 
The standard deviations of these mean values are, respectively, 
+0.6; j/g and +0.12 kj/mole. Multiplication of these values of 
the standard deviation by appropriate factors will yield values of 
other measures of precision, such as “probable error’ (factor= 
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0.6745), and the “uncertainty” (factor=2.0) proposed by Rossini 

nd Deming [11] for the final results of thermochemical measureme nts. 
An cstimated uncertainty of +0.010 percent (+2.6 j/g, or +0.32 
l is here assigned to the final results of the present measure- 
ments. In arriving at this figure, consideration was given to the 
precision of the data, the probable "magnitudes of systematic errors, 

md the agreement of ‘the results with those of previous measurements. 

In order to obtain the value of Q, at 25° C corresponding to the 
value given above for 30° C, it is necessary to take account of the 
temperature coefficient of —AU,, and of the change in the Washburn 
reduction With temperature. The temperature coefficient of —AU, 
was calculated from the specific heats of benzoic acid [12], water [7], 
oxygen and carbon dioxide [18] to be —118.5 j/mole-degree (—0.97 
jig° C). The W ashburn reduction, (AU,—AU,), at 30° and 25°C 
is —2.30 and —2.44 kj/mole (-<ith 8 and —20.0 j/g), respectively. 
With these data it is calculated that for the standard bomb process 


Qe (25° C)=26428.4 +2.6 Int. j/g (mass).® 


The value of —AH for the reaction (1) at 30° C, corresponding to 
the value of —AUp (80° C) given above is 3226, 03 +0.32 Int. 
kj/mole. Using the value 115.5 j/mole-degree for the temperature 
coefficient of { AH, and correcting for the ‘de partures of the gases, 
oxygen, and cé arbon dioxide, from the standard state of unit fugacity 
| atm), there is obtained for reaction (1) —AH°298.16=3226.39 +£0.32 
Int. kj mole.? 

It should be emphasized that the quantity of interest in connection 
with the standardization of bomb calorimeters is Qz, the heat of com- 
bustion per gram under the conditions of the standard bomb process. 
The values of heat of combustion per mole are not suitable for this 
purpose, since they apply for conditions other than those of the bomb 
process and are based on the mass ef carbon dioxide formed in com- 
bustion rather than on the mass of sample burned. 


V. CORRECTION OF 1934 RESULTS 


The procedure in the combustion experiments reported in 1934 [3] 
was the same as that in the first series of combustion experiments of 
the present work, and the same indicator, phenolphthalein, was used 
in the nitric acid determinations. It is inferred, therefore, that the 
1934 results are low because of dissolved carbon dioxide in the bomb 
washings, and they have been corrected accordingly. The correction 
is somewhat uncertain because of the fact that the data of table 6 
apply when a 1.52-g sample of benzoic acid is burned under an initial 
oxygen pressure of about 32 atm, whereas in the 1934 measurements 
the mass of sample was varied from 0.7 to 2.0 g and the oxygen pres- 
sure from 20 to 32 atm. In calculating the correction to be applied 

: it of combustion under conditions differing by small amounts from those of the standard bomb 
t 25° ( > is obtained by multiplyi: g the value given for Qg (25° C) by the factor 

1+10-6 (20 (P—30)+42 (m,/V—3)+30 (m»/V—3)—45 (t—25).] 

ted previously, this value was derived by calculating the number of moles of be nzol acid burned 

xperiment from the mass of carbon dioxide formed in combustion. The of —A/1°298.16 

by calculating the number of moles of benzoic acid burned from the mass of sé am le using 122.118 

molecular weight of benzoic acid, is 3226.04 +0.32 Int. kj/ mole. Inert im] ity in the sample 

fect the value of heat of combustion per mole based on the weight of samp ie but not the value 


the weight of carbon dioxide formed. The effect of an error in the atomic weight of carbon would 
tim es as great in the value based on the weight of sample as in the value based on the weight of carbon 


481036—42 2 
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to the 1934 results, it was assumed that the effect of dissolved carhoy 
dioxide in any experiment is proportional to the mole fraction of 
carbon dioxide in the gas phase and to the total mass of water in the 
bomb at the end of the experiment. 

The 1934 results have also been corrected for the change from ¢3 
to 60 kj/mole in the value used for the energy of formation of nitric 
acid in the bomb, for the change in the value used for the temperature 
coefficient of —AU p, and for the dependence on temperature of the 
Washburn reduction. The last-named effect was neglected in 1934 
in calculating the value of Q, at 25° C from the observed value gt 
30° C.5 

The values of Q, at 25° calculated from the data of the 1934 meas. 
urements in the manner outlined above are given in table 9, together 
with the corresponding values resulting from the present measure. 
ments on Standard Samples 39e, 39f, and the sample of 39e that was 
purified by fractional crystallization from benzene. 


TABLE 9.—Values of Qp at 25°C for Standard Samples, and for the sample purified 
by crystallization from benzene 











Values for | Standard Meanof | _ Standard 
Sample individual | deviation values for | deviation 
samples of the mean allsamples | of the mean 
7 ak waa 
Int. j/9 Int. j/g Int. j/g Int. j/g 
96427 
oon ae 26426. 6 
26426. +0.75 
26428. § +0.7 26428. 4 
26429. 3 +1.5 

















1 The results reported in 1934 have been corrected as described in the test. 
2 Sample 39e purified by crystallization from benzene. 


It will be seen from table 9 that the corrected results of the 1934 
measurements are in satisfactory agreement with those of the present 
work. The mean values of Qs from the two investigations differ by 
only 0.007 percent, and the total range of values for the different lots 
of benzoic acid is 0.014 percent. 


VI. PROCEDURE FOR CORRECTING RESULTS REPORTED 
ON THE BASIS OF THE 1934 VALUE OF Qs, 


The mean value reported in 1934 for Qg at 25° C, 26,419 Interna- 
tional joules per gram mass, is lower by 9.4 j/g (0.036 percent) than 
the value obtained in the present measurements. The elements which 
enter into this difference may be summarized as follows: 

1. Effect of dissolved CO, 

2. Temperature dependence of Washburn reduction 
. Change in temperature coefficient of —AUR 
. Change in nitric acid correction 
. Difference in calorimetric measurements 


The results of calibration experiments by means of benzoic acid 
which were calculated on the basis of the 1934 value of Qp can be re- 


*In other words, the temperature coefficient of —AUr/M, calculated from data on Co at atmospheric 
pressure, was used in 1934 in deriving the value of Qg at 25° C from the observed value at 30° C. The 
temperature coefficient of Qs involves the temperature coefficients of both —AUr/M and the W ashburn 
reduction. 
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duced to the basis of the new value with the aid of the above data. 
The reduction will not in all cases involve all of the above elements of 
the difference between the two values of Qs, and in deciding which of 
the elements are involved in any particular case, consideration will 
have to be given to the conditions under which the calibration ex- 
periments were performed. For example, consider the case of a 
bomb calorimeter calibrated with benzoic acid under the same (aver- 
age) conditions as in the 1934 combustion experiments with respect 
to temperature, Oxygen pressure, mass of sample, mass of water 
placed in the bomb, amount of nitric acid formed, procedure followed 
in the nitric acid determinations, and value used for the heat of forma- 
tion of nitric acid. Under these circumstances the conversion of the 
value obtained for the energy equivalent of the calorimeter to the 
basis of the new value of Qs would involve only that part of the dif- 
ference between the old and new values which resulted from the 
difference in the calorimetric measurements (1.8 }/g=0.007 percent). 

In the case where the calibration experiments were made under the 

same conditions as in the above example, except that the procedure 
was such that dissolved carbon dioxide did not affect the nitric acid 
determinations, the conversion to the basis of the new value of Q, 
would involve both the difference in the calorimetric measurements 
(1.8 j/g) and the effect of dissolved carbon dioxide (5.5 j/g) on the 
nitric acid corrections in the 1934 experiments. If the calibration 
experiments were referred to some temperature other than 30° C, 
account would have to be taken of the change in the temperature 
coefficient of Op. 

The following data on the average conditions in the 1934 measure- 
ments will be of use in reducing results originally calculated on the 
basis of the 1934 report to the basis of the present report: 

Temperature to which experiments were referred __- -_-_-. 30° C 
Mass of sample of benzoic acid .39 2 
Nitric acid correction per gram of benzoic acid .4j 
Mole fraction of CQ, in final gas phase in bomb . 206 


Water in bomb at end of experiment . O89 mole 
Effect of dissolved CO, per gram of benzoic acid 5.5 j 


The value given above for the nitric acid correction was calculated, 
using the 1934 value, 63 kj/mole, for the heat of formation of nitric 
acid in the bomb. 

The conversion of the results of calibration experiments by means 
of benzoic acid, originally calculated, using the 1934 value of Qz, to 
the basis of the new value will be illustrated by a specific example. 
It is assumed that the calibration experiments were performed under 
the following conditions: 

Volume of bomb 0. 4 liter 
Mass of sample burned as a 1.50 ¢g 
Mass of water placed in bomb__.---____-- 1.00 g 
Nitric acid correction per gram of benzoic acid burned_ 6.8 j 
Temperature to which experiments were referred 28. 0° C 
Initial oxygen pressure at 28° C 33. 0 atm 


The value for the heat of combustion of benzoic acid under these 
conditions would be 26418.6 Int. j/g, according to the 1934 report, 
and 26426.8 Int. j/g, according to the present report. The difference, 
8.2 j/g, between these two values is less than the difference, 9.4 j/g, 
between the values of Qs at 25° C reported in 1934 and in the present 
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paper. The discrepancy is due (1) partly to the fact that the coeff. 
cients of (P—30), (m,/V—3), and (m,/V—3) in the formula given jy 
footnote 6, page 161 differ slightly from the coefficients in the cor. 
responding formula in the 1934 report, (2) partly to the fact that the 
change in the value used for the heat of formation of nitric acid does 
not enter into the calculations, and (3) partly to the fact that in the 
calculation of the heat of combustion at 28° C, according to data 
given in the 1934 report, the effect of the error in the temperature 
coefficient is reduced to 40 percent of its effect in the calculation of 
Wp at 25° C from the observed value at 30° C. 

The changes mentioned above in the coefficients of (P—30), 
(m,/V—3), and (m,/V—3) are taken account of by applying a cor- 
rection of —0.4;7/g to the value of the heat of combustion of benzoic 
acid calculated on the basis of the 1934 report. 

The other corrections that should be applied to the above value 
for the heat of combustion of benzoic acid calculated according to 
the 1934 report are related to the elements of the difference between 
the old and new values of Qg at 25° C, and will be discussed in the 
order that these elements are listed on page 262. 

1. The correction for the effect of dissolved carbon dioxide will 
depend upon how the nitric acid determinations were made in the 
calibration experiments under consideration. If the procedure in 
these experiments was the same as in the 1934 measurements, and in 
the first series of combustion experiments of the present measure- 
ments, then the effect of dissolved carbon dioxide in the calibration 
experiments here considered will partially cancel the effect in the 
1934 value of Qs. In this case the correction for dissolved carbon 
dioxide may be calculated as follows: Under the conditions of the 
calibration experiments under consideration the mole fraction of 
carbon dioxide in the bomb after combustion of the sample of benzoic 
acid is calculated to be 0.157, and the amount of water in the bomb 
after combustion is 0.092 mole. On the assumption that the total 
effect of dissolved carbon dioxide is proportional to the mass of water 
and the mole fraction of carbon dioxide, the above data, together 
with the data given previously regarding the average conditions in 
the 1934 combustion experiments, lead to 3.9; j/g of benzoic acid 
burned for the effect of dissolved carbon dioxide. This partially 
cancels the effect, 5.5 j/g of benzoic acid, in the 1934 value of Qs, 
leaving a net correction of +1.5, j/g to be applied to the value of the 
heat of combustion calculated on the basis of the 1934 report. 

On the other hand, if the procedure in the nitric acid determinations 
in the calibration experiments under consideration was such that 
these determinations were not affected by dissolved carbon dioxide, 
then a correction equal to the total effect of dissolved carbon dioxide 
in the 1934 value of Q,, +5.5 j/g, will be necessary. 

2 and 3. As noted previously, the effect (1.3 j/g) on Qs at 25° C 
of the error in the value used in 1934 for the temperature coefficient 
of Q» is partially eliminated in the calculation, on the basis of the 1934 
report, of the heat of combustion of benzoic acid under the conditions 
of the calibration experiments here considered. There remains, 
however, 40 percent of the effect, or +0.5, j/g, which should be 
applied as a correction to the value of the heat of combustion calcu- 
lated on the basis of the 1934 report. 

4. The 1934 value of Qs was too low by 0.8 j/g because of the 
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error in the nitric acid correction. This error in Qs, is partially can- 
celled in the original calculation of the results of the calibration 
experiments under consideration by the use of the value given in the 
1934 report for the heat of formation of nitric acid in the bomb. 
A correction is necessary, however, for the error in the difference in 
the nitric acid corrections in the 1934 experiments and in the calibra- 
tion experiments. This correction amounts to +0.5, j/g of benzoic 
acid burned. 

5. A correction of +1.8 j/g is necessary to take account of the 
difference in the results of the calorimetric measurements of 1934 
and the present work. 

Taking account of the various factors discussed above, the value 
for the heat of combustion of benzoic acid which should be used in 
calculating the corrected value for the energy equivalent of the 
calorimeter from the data of the calibration experiments under con- 
sideration is obtained as follows: 

(a) If the procedure in the nitric acid determinations was the 
same as in the 1934 experiments and in the first series of combustion 
experiments described in this paper: 

Heat of combustion calculated on basis of 1934 
report--- : ya ners ' 26418.6 Int. j 
Changes in coefficients of (P—30), ete_____- 45 Int. j 
Dissolved CQ,. __ - : +1.59 Int. j 
Change in temperature coefficient of Qg- - - + 0.5. Int. 7/3 
j 
J 


/ 


Error in nitrie acid correction _ +-0.59 Int. 
Difference in calorimetric measurements..-- +1.8 Int. j/g 


Corrected value of heat of combustion - - - 26422.6 Int. j/g 


The correction to be applied to the original value of the energy 
equivalent of the calorimeter in this case is +0.015 percent. 

(b) If the procedure in the nitric acid determinations was such that 
these determinations were not affected by dissolved carbon dioxide, 
the calculation of the corrected value for the heat of combustion of 
benzoic acid would differ from the above calculation only in that the 
correction for dissolved carbon dioxide in this case would be equal to 
the total effect, 5.5 j/g, in the 1934 experiments. The corrected value 
for the heat of combustion of benzoic acid in this case would be 26426.5 
Int. j/g, and the correction to be applied to the original value of the 
energy equivalent of the calorimeter would be +0.030 percent. 

The difference between the corrected value for the heat of combus- 
tion of benzoic acid given under (b) and the value 26426.8 Int. j/g 
calculated on the basis of the present measurements arises from the 
fact that a part of the change in the nitric acid correction does not 
appear in the above calculations but is taken care of in the original 
calculation of the energy equivalent of the calorimeter on the basis of 
the 1934 report. 

VII. PREVIOUS WORK 


Results of measurements of the heat of combustion of benzoic acid by 
various observers [2, 3, 20, 21, 22, 23, 32] are given in table 10. The 
correction of the 1934 results of Jessup and Green is discussed in sec- 
tion V of this paper. 

_ The value of Qs at 25° C attributed to Roth, Doepke, and Banse [22] 
in the 1934 report [3] was calculated from their published results, on 
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the assumption that they had placed 1 g of water in the bomb before 
each experiment. Professor Roth has since informed the writer that 
actually 10 g of water was placed in the bomb, and that the effect of 
the difference between 10 g and 1 g of water was found by experiment 
in his laboratory to be 0.064 percent. The difference between 0.064 
percent and the value 0.10 percent calculated from the Washburn [19] 
equation was attributed to the lack of equilibrium between the gaseous 
carbon dioxide and the aqueous solution. On the basis of the informa- 
tion supplied by Roth, a correction of —0.064 percent has been applied 
to the value attributed to Roth, Doepke, and Banse in the 1934 report. 

An additional correction of about 1 j/g has been applied to the 
values of Qg at 25° C attributed in the 1934 report to Fischer and 
Wrede [20], Wrede [21], Roth, Doepke, and Banse [22], and Jaeger 
and von Steinwehr [23] to take account of the temperature dependence 
of the Washburn reduction, an effect which was partially neglected 
in the 1934 report. 

The value attributed to Prosen and Rossini [32] in table 10 is the 
result of unpublished measurements made at this Bureau entirely 
independently of the measurements described in the present paper, 
and with different apparatus [34]. 

Because of uncertainty as to experimental procedure in the various 
investigations, and as to precautions taken to avoid the effect of dis- 
solved carbon dioxide on the determinations of nitric acid, no correc- 
tion for this effect has been applied to any previous results except those 
of the 1934 measurements at this Bureau. The results of Dickinson 
and those of Roth, Doepke, and Banse are probably not in error from 
this cause because the indicators they used, methyl orange and Congo 
red, respectively, are insensitive to carbon dioxide. The results of 
Prosen and Rossini are not in error from this cause, since they flushed 
out their bomb sufficiently to remove dissolved carbon dioxide. 
Fischer and Wrede, and Wrede do not state what indicators they 
used. Jaeger and von Steinwehr used phenolphthalein, and therefore 
their nitric acid determinations may have been in error because of 
dissolved carbon dioxide. 

All of the final values given in table 10, with the exception of that 
due to Roth, Doepke, and Banse, are in as good agreement with the 
result of the present measurements as could be expected on the basis 
of the precision of the various measurements. The fact that the 
values obtained for the Kahlbaum-Verkade material by Jaeger and 
von Steinwehr and by Roth, Doepke, and Banse are in good agree- 
ment with each other and are lower than the other values in the table 
suggests that a difference in material may be responsible for the low 
values for the Kahlbaum-Verkade material. However, Verkade [24] 
has compared the Kahlbaum-Verkade and National Bureau of 
Standards materials and found no difference in their heats of com- 
bustion. It may be noted also that the values obtained for the two 
materials by Jaeger and von Steinwehr are in as good agreement 
with each other and with the value obtained in the present work for 
National Bureau of Standards material as could be expected from the 
precision of the measurements. Except for the low values for the 
Kahlbaum-Verkade material, there is nothing in the data of table 10 
to indicate any differences in the materials used in the various 
Investigations. 
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As noted in the 1934 report, the results of all measurements previous 
to that time may be too high because of combustible impurities in th¢ 
oxygen. The estimate of 0.02 percent made in the 1934 report as the 
probable effect of combustible impurities on Dickinson’s results j; 
practically equal to the difference between Dickinson’s value and that 
resulting from the present measurements. 


VIII. SUITABILITY OF BENZOIC ACID AS A STANDARD 
SUBSTANCE FOR BOMB CALORIMETRY 


The requirements that a standard substance for bomb calorimetry 
should satisfy have been summarized [28] as follows: 

1. It should be easily obtainable in a pure state. 

2. It should be stable. 

3. It should not be hygroscopic. 

4. It should not be too volatile. 

5. It should be easily compressible into pellets. 

6. It should burn completely in the bomb. 

The tests of purity of Standard Samples 39e and 39f of — 
acid [4], and the agreement of the results of measurements of heat 
combustion of different samples given in table 10 indicate that ‘ean 
acid satisfies the first of the above requirements. The low values 
given in table 10 for the heat of combustion of the Kahlbaum-Verkade 
material cast some doubt on this conclusion. However, as noted 
previously, the low values for this material are not in accord with 
results obtained by Verkade [24]. 

While it has been reported [29] that benzoic acid decomposes at 
temperatures above about 150° C, it appears to be quite stable 
under conditions to which it is likely to be subjected when used as 
a Standard Sample material. Thus no significant change in heat 
of combustion of Standard Sample 39e was observed during the 
period between the 1934 measurements and those of the present work. 

In order to determine whether benzoic acid is appreciably hygro- 
scopic, Schwab and Wichers [33] made measurements of the wate 
content of Standard Sample 39f in its original condition and after 
exposure for 6 weeks at a relative humidity of 90 percent at about 
23°C. Ten-gram samples of benzoic acid were fused in a glass 
apparatus, which was then evacuated through a trap immersed in 
liquid air. The trap was then closed off from the rest of the appa- 
ratus, and the liquid air was removed, allowing the trap to warm up 
to room temperature. The amount of water removed from the 
benzoic acid was estimated from the pressure, measured by means of 
mercury manometer, and the temperature and volume of the closed 
system. The results indicated a water content of the untreated 
benzoic acid of 0.0015 to 0.0018 percent, and of the benzoic acid, after 
exposure to the high humidity, of 0.0014 to 0.0019 percent. 

A less precise test of the hygroscopicity of benzoic acid was made 
by the writer by calibrating a calorimeter with (a) Standard Sample 
39e from a recently opened bottle, (b) some of the same material 
which had been kept for about a year in an open bottle under condi- 
tions such that no appreciable amount of dust could get into the bottle 
(c) some of the same material which had been kept for about a year 
in an open bottle in a desiccator vessel containing a saturated solution 
of ammonium chloride, which maintains a relative humidity of about 
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79 percent [27]. The values of the energy equivalent of the calo- 
meter obtained in these measurements are as follows: 


Treatment of Energy Standard 
benzoie acid | equivalent of | deviation of 
sample | calorimeter the mean 


Number of 
experiments 


Int. §/°C Int. j/°¢ 
13730. 6 0. Fs 
13731. 6 ay 
13730. 8 
Mean 13731. 0 


} 


Both of the above sets of data indicate that benzoic acid is not 

apprecit ably hygroscopic. However, data obtained by Weaver [29] 
‘ndicated a moisture content of about 0.08 percent by weight in a 
sample of benzoic acid that had been kept in a glass-stoppered bottle 
for about a year. By a very sensitive test, Weaver also found small 
amounts of moisture in several other samples. In all cases the mois- 
ture could be removed by fusing the sample. 

A number of years ago the writer found that a sample of benzoic 
acid obtained from another laboratory had a heat of combustion per 
cram that was lower by 0.2 percent than that of National Bureau of 
Standards material. The discrepancy disappeared after fusing the 
sample. 

It appears, therefore, that some samples of benzoic acid may 
contain appreciable amounts of moisture. The source of such 
moisture is not known, but it is possible that samples crystallized from 
aqueous solution may contain trapped water unless special pre- 
cautions are taken to dry them. Whatever the source of the water 
in the samples referred to, it appears that it is relatively easy to 
prepare benzoic acid which is substantially free from water, and that 
it will not absorb moisture from the atmosphere. It mav be con- 
cluded, therefore, that benzoic acid is entirely satisfactory as a 
standard substance so far as hygroscopicity is concerned. 

To determine the volatility of benzoic acid a pellet of 1.5 ¢ was 
placed in a platinum crucible and weighed at intervals over a 
period of about 3 weeks. During this time the temperature of the 
room during the daytime varied “from 29° to 32° C. The benzoic 
acid lost we ight at the rate of about 0.15 mg, or 0.01 percent, per day. 
Evaporation at this rate is not serious, since not more than half an 
hour need elapse from the time a sample is weighed until it is ignited 
in the bomb. 

Experience at this Bureau indicates that benzoic acid satisfies 
requirements 5 and 6, page 268. Some observers have reported 
negligible amounts of soot left in the crucible after burning a sample 
of benzoie acid, but no soot or other evidence of incomplete com- 
bustion was observed in any of the 1934 experiments at this Bureau 
or in those of the present work. In these expe ‘riments the samples 
were burned in a cylindrical platinum crucible % in. in diameter and 
in. high, weighing a little less than 8 g. 
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IX. SUMMARY 


The present measurements yield the value 26428.4 Internation ; 
joules per gram mass for the heat of combustion, = of benzoic acj 
under the conditions of the standard bomb process. 

When the amount of the reaction is determined from the mass of 
carbon dioxide formed in combustion, the present measurements 
vield for the combustion of benzoic acid —AH° a 1.=3226.39 
International kilojoules per mole when each of the gases involved jy 
the reaction is in the thermodynamic state of unit fugacity. ~ 
estimated uncertainty of the final values of Qs and —AH°,,.,, ; 
+0.010 percent (+2.6 j/g, or +0.32 kj/mole). 
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DEPENDENCE OF THE INDIGESTIBILITY OF WOOL 
PROTEIN UPON ITS POLYMERIC STRUCTURE 


By Walton B. Geiger and Milton Harris ! 


ABSTRACT 


The resistance of wool to digestion by enzymes is probably due to a unique 
structure, consisting of peptide chains joined by disulfide cross-links to form a 
three-dimensional polymeric network of extremely high molecular weight. This 
conclusion is substantiated by a study of a series of derived wool proteins similar 
in composition but expected to differ in molecular weight. The proteins were 
prepared by first ‘‘depolymerizing” wool by reducing its disulfide cross-links to 
sulfhydryl groups, then making a series of solutions of this protein of widely 
yarving ecncentration, and finally rebuilding the disulfide cross-links by reoxidation. 

An investigation of the rates of digestion by pepsin of a series of such proteins 
showed that those preparations expected to be of low molecular weight were 
rapidly digested, whereas those expected to be of greatest molecular weight 
were almost as resistant to digestion as untreated wool. 
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I. INTRODUCTION 


The keratins, which are a group of fibrous proteins found in the 
epidermis and its appendages, are characterized by their insolubility 
in the usual protein solvents, such as dilute solutions of acids, bases, 
and salts, and by indigestibility by proteolytic enzymes [1].2 The 
member of the keratin group that has been most thoroughly studied 
is wool, and on the basis of earlier work on the material (reviewed 
elsewhere [2, 3]), it seems that these characteristic properties are 
dependent upon the presence of disulfide cross-linkages between the 
polypeptide chains of the protein. The present paper reports addi- 
tional experiments directed toward the further testing of this 
hypothesis. 

A wool fiber consists of two principal regions, root and shaft. The 
shaft alone possesses the properties typical of keratins, whereas the 
root is soft and is composed of protein that is largely soluble in dilute 
alkali and readily digested by proteolytic enzymes. The process by 


' Research Associates at the National Burean of Standards, representing the Textile Foundation. 
’ Figures in brackets indicate the literature references at the end of this paper. 
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which the protein in the root portion of the fiber, called “ prekeratin” 
is transformed to the keratin of the shaft is termed “‘keratinization ” 
Since much of the sulfur of prekeratin appears to be present as sulf. 
hydryl groups, and in keratin almost entirely as disulfide groups, jj 
has been suggested that keratinization involves an oxidative process 
and that prekeratin is transformed to keratin when the root portion 
becomes shaft [4, 5]. 

Evidence that the transformation of sulfhydryl groups to disulfide 
groups is not in itself sufficient to account for the properties of the 
keratin has been obtained by Goddard and Michaelis [6]. These 
authors reported that a reduced wool protein, prepared by dissolving 
wool in an alkaline solution of sodium thioglycolate, was digested by 
proteolytic enzymes, but that a reoxidized protein, obtained by dis. 
solving the reduced protein in alkali and treating it with an oxidizing 
agent, was likewise digested. Under the conditions of their experi- 
ments, however, the fibrous structure of the wool was destroyed and 
the products obtained were amorphous powders. More recently, it 
has been observed in this laboratory that wool fibers may be reduced 
with thioglycolic acid at pH values below 7 without destroying their 
fibrous structure [3]; but, whereas the reduced fibers are readily digested 
by enzymes, they differ from the products obtained by Goddard and 
Michaelis in becoming as indigestible as the original wool on reoxida- 
tion. 

A possible basis for the difference in the behavior of the two prod- 
ucts has already been indicated [3]. It was suggested that the resist- 
ance of wool, and of the reoxidized fibers, to digestion was caused, 
not by the chemica! nature of the groups involved, but by the exist- 
ence of a compact three-dimensional structure, which is present in 
the reoxidized fibers, but not, at least to the same degree, in the 
amorphous reoxidized protein. This suggestion resulted from the 
following considerations. Reduced wool presumably consists of 
polypeptide chains containing cysteine residues, and in the sense of 
Carothers’ definition [7], each of these chains is a linear polymer 
bearing functional groups (sulfhydryl) capable of reacting with each 
other to yield a three-dimensional polymer. Oxidation of the reduced 
wool could result in the formation of cross-linkages between different 
polypeptide chains through conversion of sulfhydryl to disulfide 
groups and thus cause the formation of polymers of high molecular 
weight. The formation of such polymers is favored when the con- 
centration of the reactant is high; at, lower concentrations, lower 
degrees of polymerization are to be expected. This is the so-called 
“diiution principle” [8, 9], which indicates that reactions of low order, 
vielding monomers (or in certain cases, dimers or other low polymers), 
may be expected at extreme dilutions, and higher-order reactions, 
vielding many-membered polymers, in more concentrated solutions. 
The application of this principle to the present problem suggested 
that the formation of disulfide cross-linkages between different poly- 
peptide chains should be favored when reduced wool fibers are reoxi- 
dized, because in the fiber the concentration of reactant (reduced 
protein) is extremely high. Reoxidation by the method of Goddard 
and Michaelis, in which a solution of reduced wool protein is treated 
with an oxidizing agent, should result in a lower degree of polymeriza- 
tion, since the formation of disulfide cross-links between different 
parts of single folded chains as well as between different chains may 
be expected. 
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A similar explanation has been suggested by Strain and Linder- 
-tr¢m-Lang [10] for the formation of insoluble compounds during 
oxvgenation of papain digests of wool. These authors found that 
when concentrated solutions of partly digested reduced wool protein 
were aerated, material insoluble in 12- to 13-percent trichloroacetic 
acid was formed, but that aeration of similar, but dilute, solutions 
did not lead to such products. 

The present paper describes an effort to test this hypothesis further. 
Accordingly, reduced wool protein was prepared [6], a series of solu- 
tions of this protein of widely different concentrations was made, the 
reduced protein was reoxidized, and the digestibility and solubility 
of the products were determined. 


II. EXPERIMENTAL PROCEDURE 
1. PREPARATION OF THE REDUCED WOOL PROTEIN 


The reduced wool protein was prepared by a procedure similar to 
that of Goddard and Michaelis [6], except that acetic, instead of 
hydrochloric, acid was used for precipitating the protein, and alcohol 
and ether, instead of acetone and ether, for drying it. Two-hundred 
crams of wool was dissolved by warming at about 40° C in 4 liters of a 
0.5 M solution of sodium thioglycolate containing sufficient excess 
alkali to bring the pH to about 12. A small amount of undissolved 
material was filtered off, and the filtrate brought to about pH! 4 with 
acetic acid. The voluminous, white, curdy precipitate which formed 
vas then filtered off, washed with water until free of thioglycolic acid, 
then with aleohol, and finally with ether. The precipitated protein 
was dried over concentrated sulfuric acid in an atmosphere of nitro- 
cen at a pressure of 2 mm of mercury. The dry product weighed 
85g. No extensive change in composition had taken place, since the 
original wool contained 16.50 percent of nitrogen and 3.47 percent of 
sulfur, and the reduced protein contained 16.55 percent of nitrogen 
and 3.40 percent of sulfur. 


2. PREPARATION OF THE REOXIDIZED PROTEINS 


Three of the four reoxidized samples were prepared by dissolving 
samples of reduced wool protein weighing 5 g in aifferent volumes of 
0.1 Af carbonate buffer at pH 9 [11] and passing oxygen through the 
solution at 20° C until a positive nitroprusside reaction was no longer 
obtained. The concentrations of protein were 2, 0.2, and 0.05 per- 
cent. After the reaction was complete, the reoxidized proteins were 
precipitated by bringing the solutions to pH 4 with acetic acid. The 
precipitates were filtered off, washed with distilled water, alcohol, 
and ether, and dried in vacuum over concentrated sulfuric acid. The 
fourth sample was not dissolved, but was reoxidized while still a powder 
by suspending it in distilled water (in which it was not measurably 
soluble) and bubbling oxygen through this suspension until the par- 
ticles of protein no longer gave a positive nitroprusside reaction. 
The analytical data are given in table 1. 
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TABLE 1.—Analysts of the reoxidized proteins 








| | 
Method of preparation Yield | Nitrogen | Sulfur 





Percent Percer 
Untreated wool ; 16. 50 3.47 
Suspension j .€ 
20-percent solution 
0.2-percent solution. _...........-.-.- 
0.05-percent solution 





3. DETERMINATION OF THE DIGESTIBILITIES OF THE 
REOXIDIZED PROTEINS 


The reoxidized proteins were comminuted in a Wiley mill, and the 
material that passed through a 20-mesh, but not through a 40-mesh, 
sieve was used. Portions weighing 0.5 g were suspended in 50 m| 
of a 0.2M solution of potassium chloride, which was adjusted to pH 
1.1 by the addition of hydrochloric acid, and which contained 20 mg 
of pepsin.’ The suspensions were gently shaken for 24 hours, at 
25° C. The extent of digestion was measured by determining the 
amount of “‘nonprotein’”’ nitrogen (nitrogenous material soluble in 
dilute trichloroacetic acid) in samples obtained by centrifuging the 
suspensions and removing aliquots of the supernatant solutions. To 
do this, each aliquot was added to five times its volume of a 3-percent 
solution of trichloroacetic acid * and the mixture was heated to 80° C 
for 5 minutes, cooled, and filtered immediately. A measured portion 
of the filtrate was analyzed for nitrogen by the micro-Kjeldahl pro- 
cedure of Clark [13]. 

Control experiments carried out in a similar manner, but in the 
absence of enzyme, showed that under these conditions no measurable 
amount of nitrogen soluble in the trichloroacetic acid was liberated 
from any of the samples, whereas other experiments showed that no 
measurable nonprotein nitrogen appeared in solutions of the enzyme 
in the absence of the proteins. 

The rate of digestion was also estimated from the total dissolved 
nitrogenous material, although this method was found to be less useful 
than that described above. Control experiments similar to those de- 
scribed in the preceding paragraph showed that the total dissolved 
nitrogen increased on shaking the proteins with the acidic solutions. 
In these experiments two samples of each of the reoxidized proteins 
were shaken with the buffer solution alone for 24 hours. The enzyme 
was then added to one of each pair of suspensions, and all were shaken 
for 24 hours longer. The total soluble nitrogen was determined by 
centrifuging the suspensions, removing aliquots, and analyzing them 
directly for nitrogen [13]. The relative amounts of protein, buffer 
solution, and enzyme were the same as in the first series of exper- 
ments, and the results have been corrected for the nitrogen in the 
enzyme. 

III. RESULTS AND DISCUSSION 


A consistent relationship was found to exist between the concentra- 
tion of a protein during reoxidation and the digestibility of the 
reoxidized material. Rapid digestion of the proteins prepared in the 


3 From Fairchild Bros. & Foster, New York City, 1:3,000. : 
4 The final concentration, 2.5 percent, is that recommended by Hiller and Van Slyke [12] for separating 


proteins from their partly digested fragments. 
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more dilute solutions took place, whereas proteins prepared at higher 
concentrations were digested more slowly. This is clearly apparent 
from the curves in figure 1, where the criterion of digestion was the 
production of ‘‘nonprotein”’ nitrogen. 

' The three proteins reoxidized in dilute solution were rapidly 
digested, and the greater the dilution, the more rapid was the digestion. 
The fourth protein, prepared by reoxidizing the powdered reduced 
material in aqueous suspension, showed a resistance to digestion 
resembling that of untreated wool. Likewise, visual examination 
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demonstrated that the proteins reoxidized in dilute solution were 
largely dissolved by the enzyme, whereas the others seemed little 
changed in amount. Since the protein prepared under the con- 
ditions of highest concentration was almost as resistant to digestion 
as untreated wool, it appears that any secondary changes which may 
have occurred during reduction in the strongly alkaline solutions, such 
as loss of amide groups or hydrolysis of peptide bonds, did not affect 
the results markedly. 

The results based on total soluble nitrogenous materials, recorded in 
table 2, lead to a similar conclusion. Although the data in this table 
indicate that equilibrium had not been reached in 24 hours, con- 
siderably more soluble nitrogen was produced during the second 
24-hour period in the presence of enzyme than in its absence. 

A similar trend also appears in the solubilities of the different wool 
preparations. The data recorded in table 3 show that the protein 
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prepared at the highest concentration was nearly as insoluble as the 
original wool, whereas those samples prepared in dilute solution 
dissolved more readily. 


TaBLE 2.—Total soluble nitrogenous materials liberated from the proteins in i}, 
presence and in the absence of enzyme 


Total soluble | I peace oy tc after 
| nitrogen after 5 oleic 
Method of preparation | first 24 hours— niintiawe, aes 
T > , u , 
| “ee von dg No enzyme Enzyme 
preset present present 
| 


Percent Percent 
Untreated wool ‘ 
Suspension 
2.0-percent solution 
0.2-percent solution 
0.05-percent solution 


TABLE 3.—The extent to which the proteins were dissolved after 1 hour at 65°C by 
100 times their weight of 0.01 N NaOH or of 0.1 N HCl ; 


} ; oe, : ; 
t f preparati Solubility in | Solubility iu 
Method of preparatic | 0.01 NNaOH | 0.1 N HCl 


Percent | Percent 
Untreated wool | “£7 i P 
Suspension 8.9 1. 
Ps 


2.0-percent solution 15.3 
0.2-percent solution | 55.5 


0 |} 
0.05-percent solution 59.5 | °8 5 


Although the proteins studied were essentially the same in compo- 
sition, they differed in digestibility and solubility. These differences 
seem likely to be due to a variation in molecular weight, as the dilu- 
tion principle predicts. Moreover, the higher polymers formed at 
high concentrations would, in this case, be three-dimensional, « 
network, structures, because each of the polymerizing units (the 
polypeptide chains) probably was long enough to include several 
functional groups (sulfhydryl groups). That the indigestibility of 
wool is due to structural factors, rather than to particular chemical 
linkages, has been suggested by Goddard and Michaelis [6] and has 
been further supported by recent work in this laboratory [3]. It was 
observed that wool fibers were digestible after the disulfide cross-links 
had been broken (without destroying the fibrous structure of the wool 
and that indigestibility was restored by rebuilding cross-links, either 
by reoxidizing the sulfhydryl groups to disulfide groups or by trans- 
forming them to bis-thioether (-S-(CH;,),-S-) groups by reaction with 
an alkyl dihalide. 

A three-dimensional structure could lead to indigestibility in either 
of two conceivable ways. First, the proteins of high molecular weight 
show great insolubility (a typical characteristic of three-dimensione! 
polymers), and an undissolved protein may be less readily attacked 
than one in solution. Second, a three-dimensional network of high 
molecular weight would have fewer of its peptide bonds at or near its 
surface, and those within may be comparatively less accessible to the 
enzyme, since molecules of pepsin are very large [14]. The present 
- do not, however, permit one to distinguish between these pos- 
sibulties, 
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PERFORATED COVER PLATES FOR STEEL COLUMNS: 
COMPRESSIVE PROPERTIES OF PLATES HAVING OVAL- 
OID PERFORATIONS AND A WIDTH-TO-THICKNESS 
RATIO OF 68 

By Ambrose H. Stang and Martin Greenspan 


ABSTRACT 


Tests were made to determine the mechanical properties of perforated cover 
plat es intended to be used as a substitute for lattice bars or batten plates in 
-up box-type columns. Each column was built up from one perforated plate 
ony either two or four angles. Columns with unperforated plates were used as 
controls. 
This paper gives the results of the tests on columns having plates of three differ- 
t perforation spacings. The plates had ovaloid perforations and a width-to- 
thiekness ratio of 68. 
It was found that the perforated plates contributed to the strength and to the 
tiffness of the columns. ‘The factor of stress concentration, due to the pe_fora- 
ons, varied from 2 to 2.6 based on the gross area (1.7 to 2.1 based on the net 
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I. INTRODUCTION 


This paper is the third of a series dealing with the mechanje, 
properties of perforated cover plates intended to be used as a gy). 
stitute for lattice bars or batten plates in built-up box-type columns 
An outline of the program and description of the test methods we, 
presented in RP1473'! and the results for plates having ovaloid per. 
forations and a width-to-thickness ratio of 40 were given in RP1474: 

In this paper are presented the test results for the C4 series o 
plates. These plates were 25.5 in. wide by % in. thick, thus haying 
a width-to-thickness ratio of 68. The perforated plates of this series 
had ovaloid perforations 11.5 in. wide. The net to gross cross-see. 
tional area ratio was 0.55. 


II. COVER-PLATE COLUMNS 
1. GENERAL 


The details of the C4 plates and of the angles are shown in figur; 
1. The perforated C4 plates were all of the same nominal dimensions 
as to length, width, and thickness, and number, size, and shape of 
perforations, but they differed with regard to perforation spacing 
(i. e., the distance between centers of adjacent perforations). The 
perforation spacing was 35 inches for the C4A plates, 47 inches for 
the C4B plates, and 59 inches for the C4C plates. The C4D plates 
had the same nominal dimensions as the perforated C4 plates but had 
no perforations. 

Each plate shown in figure 1 represents three like plates, designated 
(0-1), (2-3), and (4-5), and the angle shown represents many lik 
angles which were used interchangeably with the plates to form the 
columns of which the cross sections are shown in the figure. The 
angles used with the plates to form the columns are given in table | 


TABLE 1.—Angles used for the C4 columns 





Column designation ! Angle designations 





C4A (—) two angles C5C (4-5), C5M (0-1). 
C4A (-—) four angles C&C (4-5), C5M (0-1), C5D (2-8), C&5E (2-3) 


C4B (—) two angles._.| C5C (0-1), CSE (8-3). 

C4B (—-) four angles C5C (0-1), C5E (2-3), C5A (2-3), C5D (2-3). 
CéB (0-1), C5D (2-3). 

C4C (——) four angles.... C5B (0-1), C5D (8-3), C5A (2-8), C5E (4-6). 


C4D (—) two angles...| C5L (0-1), C5M (2-8). 
C4D (—) four angles...| Cé5L (0-1), C6M (2-3), C5C (4-6), C5E (2-3). 





1 The three columns represented by each of the above designations contained the same angles. 


1 Ambrose H. Stang and Martin Greenspan, Perjorated cover plates jor steel columns: Program and t/t 
methods. J. Research NBS 28, 669 (1942) RP1478. 

? Ambrose H. Stang and Martin Greenspan, Perjorated cover plates for steel columns: Compressive pr 
erties of plates having ovaloid perforations and a width-to-thickness ratio of 40. J. Reserch NBS 28, 697 
RP1474. 
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Figure 1,—Plates and angles for the C4 columns. 
2. DIMENSIONS 


The dimensions given in figure 1 are nominal. There were the 
isual commercial variations in the thicknesses and widths of the 
plates and angles. The variations in the dimensions of the perfo- 
rations were considerably greater; for some plates the difference be- 
tween the minimum and maximum perforation width was of the order 
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of 0.1 in. The cross sectional areas of the plates and angles, coy, 
puted from the measured dimensions, are given in table 2. 


TABLE 2.—Cross-sectional areas of plates and angles for C4 columns 








Plates Angles 





| 
Designation | Gross Net area Designation 
area 


in? 
9. §. 3 C5A (2-3) 
9. 63 | 5. 35 CéB (0-1) __- 
9. 67 | 5. 3! C5C (0-1) _- 
9. 63 | 5.32 || C5C (4-65) 
9.77 | 5.40 || C&D (2-3) 
9. 5. 36 CébE (2-8) 
9.72 | .38 || C5E (4-6) 
C5L (0-1) 
C5M (0-1) 
C4D (0-1) _-- 
C4hD (8-8) _- 
C4D (4-6) 


3. CONDITION OF ENDS 


The plates and angles had been prepared with unusual care, so that 
the ends of the columns were reasonably flat. However, the ends 
were not flat in the sense that milled ends are flat. When the columns 
were stood on end on a flat steel plate, a definite tendency to teeter was 
observed. 

III. PROCEDURE 


1. COUPONS 


Coupons representing the plate and angle material were cut in th: 
direction of rolling and tested in tension. Young’s modulus of elas- 
ticity, /; Poisson’s ratio, v; yield point; tensile strength; and elonga- 
tion were determined. 

A composite sample of the C4 plate material and a composite sample 
of the angle material were analyzed for carbon, manganese, phosphorus 
and sulfur. 

2. COLUMNS 


(a) ELASTIC RANGE 


The shortening under load in the elastic range was determined for 
each column. ‘The strains in the edge of the middle perforation were 
determined for each perforated-plate column. The strains in the 
surfaces of the plate were determined for the middle bay of one of each 
group of three like perforated-plate columns having four angles. The 
distribution of stress in the middle bay of each of these columns was 
calculated from the strain data, and the values of the elastic constants 
obtained from the coupon tests. 


(b) MAXIMUM LOAD 


One two-angle column of each group of three like two-angle columns 
was subjected to maximum-load test after the bolts had been replaced 
by rivets. Data to complete the stress-strain curves and data for 
stress-deflection curves were taken. 
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IV. RESULTS 
1. COUPONS 
The results of the tensile tests of the coupons are given in table 3. 


TABLE 3.—-Results of tensile tests of coupons 





Young’s | 
| Thickness | modulus of | 
eed = 
! 


Infiec ’ 78a), Tonsila ° er 
on designation Poisson’s Yield Tensile Elongation 
’ ratio, » point strength in 8 in. 


PLATE COUPONS 


Kips/in.2 | 4 | Kipsjin Percent 
29, 700 ba 38. 59. 33. 6 
, 700 282 38 tee aaa 
, 000 | : 38.7 | , 28.9 
29, 700 | : 37.8 | 59. 32.5 
9, 900 . 37. 2 | 59. 33. 5 
29, 800 , 38.4 | | 34.5 
29, 700 . 28: ‘ | 59.7 | 30.8 
700 ; 3 | 59.7 34.5 





ANGLE COUPONS 
| — — 


int 5A . 510 29, 600 0. 
u . ( { oa . 506 30, 000 | 

ends i : . 506 29, 700 

mn SP 510 29, 700 

Als I Seuacesenl . 508 29, 400 

was ; . =e . 501 29, 700 

5] . 500 29, 800 

. 507 29, 700 

. 508 29, 700 

. 508 29, 600 

. 503 29, 500 

611 29, 600 

501 | 29, 600 

. 504 | 29, 100 


Re eT Ow Tors 





34.6 
21 9 
31.2 


33. 6 














The chemical composition of the coupon material is given in 
table 4. 


TaBLE 4.—Chemical composition of coupon material 





Composite sample Carbon | Manganese | Phosphorus Sulfur 


Percent | ercen Percent Percent 
0. 18 5 0. 009 0. 03 
21 | 5 O14 | . 03 





2. COLUMNS 
(a) MODULUS OF COLUMN AND EFFECTIVE AREA OF PLATE 


Lhe moduli, #’, of the columns, and the effective-area factors, A, 
with respect to shortening under compressive load, for the plates, are 
given in table 5.8 


iges 679 and 680 of Research Paper RP1473. 
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TaBLE 5.—Moduli of columns, Ptesieil -area factors of pean es, and maximum 3 








om | 
| Based on gross cross-sectional area 
| Num- |-—— 
| ber of 
an- | Modulus 
gles | E! 


Plate designa- 


tion Ratio, 


Effec- 
tive-area 
factor, K PIA 


} maximum stress 


Based on net cross-sectional arag 


| 


Modulus 





Pn: SRY Sor Seat WS 


Kips/in.? 
24, 300 . 62 
24, 300 . 62 
24, 300 . 62 


C4A(0-1) 
C1A(8-3) 
C1 A(4-5) 


24, 200 
26, 200 | 
26, 300 | 
26, 200 |. 
26, 200 ez 


24, 700 | 
24, 600 
24, 600 | 


Avg 
C4A(0-1) Z 
ChA(2-8) 
ChAU-S) 
Se 


+7 
f= Avg 
i 





CLB(0-1) 
CLB(8-3) __. 
CLBU-S) 





Avg 


( ) 
) 


4B 
% Bi 
4 BU-5) 


Avg 
4C(0-1) 
4C(2-3) 

$-4) 





26, 600 | 
26, 600 


26, 600 | 


~ 29, 500 | 
29, 300 | 


C4D(0-1) 
C4YD4-5) 


Avg.. 29, 400 | 1.00. 
Ci D(0-1) ~ 29, 500 | = 
CLDU-5) 








Avg 











Kips/in.? | 
30, 600 | 
39, 500 
30, 500 


30, 500 


~ 30, 200 
30, 300 
30, 100 


30, 200 


31, 100 
31, 000 
31, 000 


31, 000 


30, 500 
30, 200 
30, 300 


30, 300, 


81, 800 
31, 800 
31, 700 
31, 800 
30, 700 
30, 700 
30, 600 


[ 


' 





| 





Effec- | 
tive-area | maximun Ni stre 


| factor, K | PIA 


1.12 
1,12 
il 1 


mm | 1) 
jm) moss 


SS 











(b) STRESSES 


(1) 


edge of the middle perforation is indicated in figures 


) On the edge of the perforation.—The distribution of stress on the 


9 § 
2, 3, and 4 


Each curve represents the average result for three like columns having 


the same perforation spacing. 
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Figure 2.—Columns C4A, perforation spacing 35 inches. Distribution of stress on 
the edge of the middle perforation. 


ic for the two-angle column and the dashed line for the four-angle column. Based on net area 
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Figure 3.—Columns C4B, perforation spacing 47 inches. Distribution of stress on 
the edge of the middle perforation. 


The solid line is for the two-angle column and the dashed line for the four-angle column. Based on net ar 
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RE 4.—Columns C4C, perforation spacing 59 inches. Distribution of stress on 
the edge of the middle perforation. 


solid line is for the two-angle column and the dashed line for the four-angle column. Based on net areca, 


The vertical axis of the graph in each figure is a development of one 
quadrant of the edge of the perforation. The point B is the point of 
tangency of the circular and straight parts of the edge. 

In the stress ratios o,.,/(P/A,), An is the net area of the column, 
and ¢, and o, are the maximum and the minimum principal stresses, 
respectively. The stress ratios based on gross area, o,,,/(P/A) may 
be obtained by multiplying o,,,/(P/A,) by 1.26 for the two-angle, 
and 1.15 for the four-angle, columns. 

The maximum stresses are given in table 5. 

(2) On the surfaces of the plate-—The distributions of stress on the 
surfaces of the middle bay for the perforated-plate columns having 
four angles are indicated in figures 5 to 16, inclusive. The stress 
ratios shown in these figures are based on net area. The stress 
ratios based on gross area may be obtained by multiplying the given 
values by 1.15 for these four-angle columns. 
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Fiaure 5.—Column C4A (2-8) (four angles), perforation spacing 35 inches. Isogram 
of maximum principal stress. 


Based on net area. 
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Column C4A (2-3) (four angles), perforation spacing 35 inches. Isogram 
of minimum principal stress. 


Based on net area. 
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Figure 7.—Column C4A (2-3) (four angles), perforation spacing 35 inches 
Isoclinics. 
The angle @ is measured positive counterclockwise from the axis of the column to the direction of the 
maximum principal stress. 
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RE 8—Column C4A (2-3) (four angles), perforation spacing 35 inches, 
Magnitude and direction of the principal stresses. 


Based on net area, 
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Figure 9.—Column C4B (2-3) (four angles), perforation spacing 
Tsogram of maximum principal stress. 


Based on net area, 
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FigurRE 10.—Column C4B (2-3) (four angles), perforation spacing 47 inches. 
Isogram of minimum principal stress. 


Based on net area. 
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Figure 11.—Column C4B (2-8) (four angles), perforation spacing 47 inches. 
Isoclinics. 


The angle @ is measured positive counter-clockwise from the axis of the column to the direction of the 
maximum principal stress. 
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| Ficure 12—Column C4B (2-8) (four angles), perforation spacing 47 inches. 
Magnitude and direction of the principal stresses. 
Based on_net area 
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Figure 13.—Column C4C (2-3) (four angles), perforation spacing 59 ancl 
Isogram of maximum principal stress. 
Based on net area. 
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FiaurE 14.—Column C4C (2-8) (four angles), perforation spacing 59 inches. 
Isogram of minimum principal stress. 
Based on net area, 
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Figurb 15.—Column C4C (2-8) (four angles), perforation spacing 59 inches 
[soclinics. 


The angle @ is measured positive counterclockwise from the axis of the column to the direction of the 
maximum principal stress. 
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'IGURE 16.—Column C4C (2-8) (four angles), perforation spacing 59 inches. 
Magnitude and direction of the principal stresses. 
Based on net area. 
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The effect of the perforation on the stress distribution may }, 


judged from the fact that for a solid plate (no perforation) the valy, 
everywhere of o,/(P/A) are 0; of o,/(P/A), —1; and of 6, 90 degrecs 


(c) MAXIMUM-LOAD TEST 


(1) Stress-strain graphs.—The stress-strain graphs for the colyum 
based on net areas, are shown in figure 17. 


L 0.00/ Strain I 2001-4 
| \ 


~ 


Figure 17.—Columns C4—(two angles). Stress-strain graphs 


Based on net area 


The stresses on gross area may be obtained by multiplying th 
stresses on net area by 0.80. 

(2) Deflections.—The stress-lateral-deflection graphs for the ci: 
umns, based on net area, are shown in figure 18. 

The stresses on gross area may be obtained by multiplying th 
stresses on net area by 0.80. 

(3) Maximum load and effective area of plate—The maximum loads 
for the columns, the maximum average stress on the gross area aul 
on the net area, and the effective-area factors of the plates wi! 
respect to compressive strength, C, are given in table 6.4 

Column C4C during the maximum load test is shown in figure 19 


TaBLE 6.—Mazimum loac 


1s for columns and effective-area factors for plates 


Column designation "he |} CB | C 


Perforation spacing, in | 47.0 | 
Area of angles, in.? 11. 52 
Gross area of plate, in.? | 9. 74 
Net area of plate, in.? 5, 3% 5. 36 
Total area, gross, in.? 21. 21. 26 
Total area, net, in.? E 16. 88 
Maximum compressive load, Kips 5: 543 
Compressive stress on gross area at failure, Kips/in.? 2! 25. 5 
Compressive stress on net area at failure, Kips/in.? 31.6 32. 2 
Effective-area factor of plate with respect to compressive 
strength, C: 

Based on gross area. _ ‘ : i { 0. 65 

Based on net area_- : 1.18 | 
Slenderness ratio : 
Column efficiency, Percent. 














® No perforations 


4 See page 685 of Research Paper R P1473 
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rh perforated-plate columns, CLA, CLB, and O4C, failed by 
vimary buckling away from the plate side of the column, as would 
be expected from the consideration that, in the neighborhood of a 
nepforation, the gravity axis of the column is displaced away from 
the plate side. Local buckling of the outstanding legs of the angles 
of the columns occurred near the ends of the column. The plates 
wekled near the middle perforation. 
“The unperforated-plate column, CLD, started to fail toward the 
jate side, as would be expected from the double-modulus theory, 
hut finally failed suddenly by secondary buckling of the plate and 
-noles near one end with little additional deflection of the columns as 
The column efficiency of 83 percent, given in table 6, is 
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E--W N=--S 
C4#C 
FigurE 18.—Columns C4—(two angles). Stress-deflection graphs. 
1 net area. When the deflection is north, N, the bending stress is tensile on the plate side 
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the ratio of the average stress at failure to the weighted average yj¢\, 
point of the material determined from the tensile tests of the coupons 
This value of column efficiency is lower than would be expected {y, 
a column having a slenderness ratio of 72.5, tested with flat ends 
Calculations based on the distance between the rows of rivets, th; 
measured plate thickness, the elastic constants as determined froy 
the coupon test results, and on the assumption that the plate edges 
were simply supported, give the critical buckling stress in the plate 
as 29.1 kips/in?. The compressive stress at failure was 30.4 kipsjin: 

The test results being somewhat greater than the calculated buckling 
stress probably was due to the fact either that the angles were mor 
rigidly connected to the plate than was assumed or that the effectiy; 
plate width was less than the distance between the rows of rivets, 

The effective area factors, C, of the perforated plates with respec 
to compressive strength are of course greater than they would haye 
been if the unperforated-plate column had failed at a higher stress 
due to primary buckling. It may be noted that the compressive 
stresses on net area at failure are practically the same for the per. 
forated-plate C4 columns as for the previously tested perforated. 
plate C2 columns. 

Figures 20 and 21 show the columns after test. 


V. SUMMARY 
1. MODULUS 


The effectiveness of the perforated plates in resisting shortening 
under compressive load was determined by comparison of the modulus 
of a column containing the perforated plate with that of a similar 
column containing an unperforated plate. It was found that from 
61 to 70 percent of the gross cross-sectional area of the plate, depend- 
ing on the perforation spacing, was effective in resisting shortening 
under compressive load. The effective-area factors for the perforated 
plates were not consistently affected by variation in the number of 
angles with which they were tested. 


2. STRESS DISTRIBUTION 


The stress distribution was determined on the edge of the middle 
perforation of each perforated plate column and on the middle bay 
of one of each group of three like columns having four angles. In 
every case the maximum stress was compressive and occurred on the 
edge of the perforation. The value of the maximum stress was only 
slightly affected by variation of perforation spacing. For columns 
with the same perforation spacing, the maximum stress was higher 
for the two-angle than for the four-angle column for the same aver- 
age stress on the gross area. This was not always true when the 
stresses were based on net area. 

The maximum stress varied from 2 to 2.6 times the average stress 
on the gross area, or 1.7 to 2.1 times the average stress on the net area 


3. STRENGTH 


The effectiveness of the perforated plates with respect to strengt! 
was somewhat higher than with respect to resistance to shortening an¢ 
increased with increase of the perforation spacing. 


WASHINGTON, July 2, 1942. 
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Figure 20.—Columns C4 (two angles) after maxtmum load test 


From left to right the columr 


Pigure 21.— Columns C4-(two angles) after maximum load tests 


From left to right the columns are CjA, C4B, C4C, and C4D 





